Background Since organic nitroesters and endotheliumderived nitric oxide mediate vasodilation through a final common pathway, that is, by activation of soluble guanylate cyclase in vascular smooth muscle, nitroglycerin (NTG) could specifically enhance the endothelium-dependent vasodilatory response to acetylcholine (Ach) in patients with congestive heart failure (CHF) and endothelial cell dysfunction. Accordingly, the net effects of an intra-arterial infusion of NTG (10m olIL) on endothelium-dependent and endothelium-independent vasodilation were assessed in the forearm circulation of patients with CHF.
Methods and Results The forearm blood flow responses to intra-arterial administration of graded concentrations of Ach (10`to 10`mol/L) were determined by venous occlusion plethysmography (mL/min per 100 mL) in 18 patients with CHF and 5 age-matched normal subjects before and during intra-arterial infusion of NTG (10`mol/L) for 20 minutes. In eight patients, the duration of the infusion of NTG (n=5) or vehicle control solution (n=3) was extended to 12 hours with measurement of the forearm blood flow responses to Ach at 20 minutes, 4 hours, and 12 hours. In five additional patients, forearm blood flow response to intra-arterial administration of two doses of phentolamine (0.05 and 0.5 mg) were determined before and during a 20-minute NTG infusion. Regional administration of NTG 10`mol/L did not change resting forearm blood flow in either normal subjects or patients with CHF. Before administration of NTG 10-mol/L, intra-arterial infusions of Ach 10-7, 10-6, and 10`mol/L increased forearm blood flow to 14.7±6.2, 20.2±4.7, and 38.4±7.9 mL/min per 100 mL in normal subjects and to 4.1-0.8, 5.0+1.1, and 10.6±2.3 mL/min per 100 mL in patients with CHF. After administration of NTG 10-9 mol/L for 20 minutes, the vasodilatory response to Ach significantly increased to 5.6±1.0, 6 .9+1.6, and 17.7±3.4 mL/min per 100 mL in patients with CHF but did not change in normal subjects. The enhanced forearm blood flow responses to administration of Ach observed after 20 minutes of NTG administration in patients with CHF were sustained throughout a 12-hour NTG infusion. In contrast, regional administration of NTG did not change the vasodilatory responses to phentolamine.
Conclusions NTG, when administered intra-arterially for 20 minutes at a dose that does not affect resting forearm blood flow, specifically increased the vasodilatory response to intra-arterial administration of Ach in patients with CHF but not in normal subjects. The vasodilatory response to Ach was consistently enhanced by low-dose NTG throughout a 12-hour period. The vasodilating effects of organic nitroesters on the peripheral vasculature of patients with CHF may result in part from an interaction with the vascular endothelium. (Circulation. 1994;89:1609-1614.)
Key Words * blood flow * acetylcholine T he vasodilatory response to intra-arterial administration of acetylcholine (Ach), an endothelium-dependent vasodilator, is substantially reduced in the peripheral circulation of patients with congestive heart failure (CHF) when compared with that of normal subjects.1'2 The vasodilatory action of Ach is dependent on the endothelial synthesis of nitric oxide from the amino acid precursor L-arginine.3-5 Nitric oxide induces vasorelaxation in vascular smooth muscle through activation of soluble guanylate cyclase, which in turn increases intracellular concentrations of cyclic GMP (cGMP). 6 The mechanisms contributing to the impaired endothelium-dependent vasodilation in response to Ach in patients with CHF are not fully characterized but may include decreased production and/or release of endothelium-derived nitric oxide, increased degradation of nitric oxide, decreased sensitivity of soluble guanylate cyclase to nitric oxide, and decreased response of the vascular smooth muscle vasorelaxation effector mechanisms. Impaired vascular endothelium function in patients with CHF may limit flow-mediated vasodilation during administration of a direct-acting vasodilator and exercise.7 Thus, pharmacological intervention specifically aimed at enhancing endothelium-dependent vasodilation may be particularly relevant to the therapy of CHF.
Of interest, production of nitric oxide and activation of the cGMP pathway also mediate the vasodilatory effects of the organic nitroesters.8 9 The biotransformation of organic nitroesters to nitric oxide occurs on the plasma membrane of the vascular smooth muscle cell and requires a sulfhydryl donor.10,11 Since organic ni-enhance vascular endothelium function by additive activation of soluble guanylate cyclase.12 Such a dose of NTG should specifically enhance endothelium-dependent vasodilation in patients with depressed basal endothelial production of nitric oxide but should have no detectable effect in subjects with normal endothelium function.
Accordingly, the present study was undertaken to assess the regional vascular responses to Ach, an endothelium-dependent vasodilator, and phentolamine, an endothelium-independent vasodilator, before and during intra-arterial administration of NTG (10-mol/L) in the forearm circulation of normal subjects and patients with CHF. As hemodynamic tolerance to the effects of intravenous NTG has been documented within a few hours of the onset of administration in patients with CHF,13'14 the regional vascular effects of NTG on endothelium-dependent vasodilation also were assessed throughout a 12-hour period.
Methods Patient Population
Thirty-one patients with idiopathic dilated cardiomyopathy and CHF of at least 3 months' duration and five normal subjects were studied. Subjects were entered into one of the three study protocols as described below. Eighteen patients (14 men and 4 women) and 5 normal subjects (3 men and 2 women) participated in protocol 1. The mean ages of patients with CHF and normal subjects were similar (55±10 versus 52±7 years, respectively, P=NS). Fifteen patients were in functional class III and three patients were in functional class II according to the criteria of the New York Heart Association. The left ventricular ejection fraction determined by radionuclide angiography averaged 19±7%. Medications included diuretics in 18 patients, digoxin in 15 patients, angiotensinconverting enzyme inhibitors in 13 patients, and long-acting nitrate preparations in 3 patients. The five subjects serving as normal controls underwent a physical examination, serum chemistries, and 12-lead ECG, which were all within normal limits.
Eight patients with CHF (six men and two women) participated in protocol 2. Five patients received intra-arterial administration of NTG and three received intra-arterial administration of vehicle control for 12 hours. The mean age of these patients was 60±8 years (range, 50 to 73). All patients were in functional class III. Left ventricular ejection fraction determined by radionuclide angiography averaged 21±6%. Medications included diuretics and digoxin in eight patients, angiotensin-converting enzyme inhibitors in seven patients, and long-acting nitrate preparations in three patients.
Five patients (three men, two women) participated in protocol 3. The mean age of these patients was 50± 10 years. One patient was in functional class II and four were in functional class III. Left ventricular ejection fraction determined by radionuclide angiography averaged 25±4%. Medications included digoxin, diuretics, and angiotensin-converting enzyme inhibitors in all patients; one was receiving long-acting nitrates.
Cardiovascular medications were withheld for at least 24 hours before participation in the study. Patients with hypertension, diabetes mellitus, hypercholesterolemia (serum cholesterol >240 mg/dL), and coronary artery disease (as evidenced by coronary angiography or previously documented myocardial infarction) were excluded from the study. None of the study subjects were smokers. The study protocol was approved by the Ethical Review Board of the Albert Einstein College of Medicine. Written informed consent was obtained from all patients and normal subjects before participating in the study.
Forearm Blood Flow Measurements
Forearm blood flow was measured by venous occlusion plethysmography (mL/min per 100 mL of forearm volume) as previously described." A mercury-in-silastic strain gauge was placed at the widest part of the upper third of the forearm with the arm positioned comfortably above the level of the right atrium. The strain gauge was electrically coupled to a plethvsmograph (Parks Electronics) calibrated to measure percent change in volume. The plethysmographic tracings of forearm blood flow were recorded on photographic paper for analysis (Electronics for Medicine, model VR-6). For each measurement, forearm venous blood flow return was occluded just above the elbow with a cuff rapidly inflated to 40 
Drug Administration
All drugs were prepared fresh in 5% dextrose in water on the day of the study. For protocols l and 2, Ach, an endothelium-dependent vasodilating agent, was prepared to obtain regional blood concentrations of 10-, 106, and 10 mol L.
concentrations of Ach infusions were determined before and during the 20-minute vehicle control infusion. 38 .4±7.9 mL/min per 100 mL, respectively. During administration of NTG 10-9 mol/L, the forearm blood flow responses to Ach did not change (Fig 1, panel A) .
In 18 patients with CHF, administration of NTG 10m
ol/L did not change resting forearm blood flow (2.8±0.3 versus 3.0±0.4 mL/min per 100 mL, P=NS; Fig  1, panel B) . Before administration of NTG 10`mol/L, intra-arterial infusions of Ach 10', 10-6 and 10-5 mol/L increased forearm blood flow to 4.1±0.8, 5.0± 1.1, and 10.6±2.3 mL/min per 100 mL, respectively. During administration of NTG 10-9 mol/L, intra-arterial infusions of Ach increased forearm blood flow to 5.6±1.0, 6.9+1.6, and 17.7±3.4 mL/min per 100 mL, respectively. The increases in forearm blood flow in response to intra-arterial infusions of Ach 10-7 mol/L and 10-5 mol/L were significantly greater during administration of NTG when compared with those observed before NTG administration (both P<.05; Fig 1, panel  B) . The enhanced response to Ach during administration of NTG was greatest at the 10-5 mol/L dose when the forearm blood flow increased by 70% (from 10.6 to 17.7 mL/min per 100 mL, P<.01). 4 hours, and at the end of a 12-hour infusion of NTG 10-mol/L were similar (Fig 2) . In three patients with CHF, forearm blood flow responses to intra-arterial administration of Ach did not change during a 12-hour infusion of vehicle control solution (Table 2) . (Table 3 ).
Discussion
The current data confirm that the peripheral vasodilatory response to intra-arterial administration of an endothelium-dependent vasodilator, Ach, is decreased in patients with CHF when compared with that of age-matched normal subjects. indicated that NTG at a dose (10`mol/L) that, by itself, did not exert any detectable hemodynamic effect, substantially enhanced the vasodilatory response to Ach, an endothelium-dependent vasodilator, in patients with CHF but did not in normal subjects. The enhancement of the vasodilatory response to Ach by low-dose NTG was sustained throughout the 12-hour period. In contrast, administration of NTG did not change the forearm blood flow responses to phentolamine, an endothelium-independent vasodilator. These findings argue in favor of a synergistic relation between NTG and endothelium-derived nitric oxide in patients with CHF. Of interest, previous animal studies have reported inhibitory interactions between endothelium-derived nitric oxide and NTG. In isolated vascular segments, mechanical removal of the vascular endothelium or inhibition of endothelium-derived nitric oxide production increases the vasodilatory response to NTG.12 18.19 Similarly, in Wistar rats, systemic inhibition of nitric oxide synthase acutely augments the hypotensive effects of systemic NTG administration.21) The inhibitory effect of the vascular endothelium on the vasodilating properties of organic nitroesters has been attributed to the development of cross-tolerance between exogenous and endogenous sources of nitric oxide. Cross-tolerance among nitrovasodilators is characterized by a dose-dependent diminished stimulation of soluble guanylate cyclase activity in vascular smooth muscle.21,22 Of note, the inhibitory effects of the vascular endothelium could be related to other endotheliumderived vasoactive substances such as superoxide anion. 23 29 Moreover, some investigators have failed to observe a cross-tolerance between organic nitroesters and endothelium-derived nitric oxide.26 28 The apparent disparity between our findings and previous experimen- sence of tolerance to the effects of NTG on endotheliumdependent vasodilation in the current study may be attributed to several factors. First, the low dose of NTG administered in this study may have reduced the likelihood of the development of tolerance. In isolated blood vessels, the development of tolerance after 2 hours of exposure to NTG 10`10 mol/L was substantially less than that after 2 hours of NTG 10-mol/L. 21 In clinical studies, the development of tolerance to the hemodynamic effects of organic nitroesters also may be, in part, dose related.36,37 Second, regional administration of NTG 10-9 mol/L did not exert systemic hemodynamic effects, and thereby acute neurohumoral activation is not likely to have occurred. It is possible that the 12-hour period of observation in this study was too brief to observe the development of tolerance. However, substantial attenuation of the acute hemodynamic effects of organic nitroesters has been described within 4 to 8 hours of continuous intravenous administration in previous studies of nitrate tolerance. 13, 14 The mechanisms that mediate the vascular effects produced by systemic administration of NTG at therapeutic doses are likely to be more complex than that reported in the present study, which involved regional administration of NTG at 10`9 mol/L. Nevertheless, our results suggest that the hemodynamic effects of NTG may, in part, result from an interaction with the vascular endothelium.38-40 Endothelium-dependent vasodilation, which is depressed in the basal state in patients with CHF, also is likely to be abnormal during physiological states of increased shear stress, such as during intense exercise. Whether systemic administration of NTG at therapeutic doses does enhance flow-mediated endothelium-dependent vasodilation during exercise in patients with CHF remains to be studied.
